Proteins encoded by interacting mitochondrial and nuclear genes catalyze essential metabolic processes in eukaryote cells. The correct functioning of such processes requires combinations of mitochondrial and nuclear alleles that work together (mitonuclear interactions) and the avoidance of mismatched combinations (mitonuclear incompatibilities). This interplay could have a major role during the early stages of population divergence. Here, we show that mitonuclear interactions maintain a deep mitochondrial divergence in the face of nuclear gene flow between two lineages of the songbird Eastern Yellow Robin (Eopsaltria australis) occupying contrasting climatic habitats. Using >60,000
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SNPs we explored patterns of nuclear gene differentiation and introgression along two sampling transects intersecting the deep mitochondrial divergence between lineages. We found a replicated pattern of low genome-wide differentiation contrasting with two prominent regions of high differentiation (genomic islands of divergence) in different nuclear backgrounds. The largest island of divergence (~15.4 Mb) showed a significant excess of nuclear-encoded genes with mitochondrial functions (N-mt genes), low genetic diversity and high levels of linkage disequilibrium. Thus, genetic differentiation between the two adjacent but climatically divergent lineages is mostly limited to the mitochondrial genome and a nuclear genomic region containing tightly linked N-mt genes that presumably experience reduced recombination. The second island of divergence mapped to the Z-chromosome, suggesting that nuclear gene flow occurs primarily via male hybrids, in accordance with Haldane's Rule. Our results are consistent with accumulating evidence that mitonuclear co-evolution could represent a key vehicle for climatic adaptation during population divergence.
INTRODUCTION
Studies of genome-wide variation of natural populations in the early stages of divergence have enhanced our understanding of the genetic basis of local adaptation, reproductive isolation and speciation (Seehausen et al. 2014; Smadja & Butlin 2011) . Genomic analyses of closely related populations often reveal a pattern of heterogeneous levels of genetic differentiation, with most of the genome exhibiting low differentiation contrasting with areas of clustered loci of high differentiation, known as genomic islands of divergence (Harr 2006; Harrison & Larson 2016; Nosil et al. 2009; Turner et al. 2005) . Islands of divergence often contain genes involved in genetic incompatibilities and local adaptation, signalling their direct role in the evolution of reproductive isolation Payseur 2010; Wu 2001) . Most genomic studies of population differentiation have focused on genes with roles limited to the nuclear genome (e.g. Jones et al. 2012; Malinsky et al. 2015; Marques et al. 2016; Poelstra et al. 2014; Soria-Carrasco et al. 2014) . However, genetic interactions between mitochondrial and nuclear genes (i.e. mitonuclear interactions) are receiving increasing attention as key players in speciation (Burton & Barreto 2012; Burton et al. 2013; Dowling et al. 2008; Gershoni et al. 2009; Hill 2015; Lane 2011; Levin et al. 2014 ). Yet, evidence for the involvement of mitonuclear interactions during the early stages of divergence in natural populations remains rare (Bar-Yaacov et al. 2015; Boratyński et al. 2016; Gagnaire et al. 2012) and mostly limited to plant systems (i.e. cytoplasmic-nuclear; Barnard Kubow et al. 2016; Case et al. 2016; Roux et al. 2016b; Sambatti et al. 2008) .
In eukaryotes, the mitochondrion performs cellular respiration and regulates many aspects of cellular metabolic functioning and energy expenditure (Allen 2003) . Such processes are dependent on interactions between genes of the mitochondrial genome and nuclear-encoded genes that have mitochondrial functions (N-mt genes). The products of mitochondrial and N-mt genes interact directly in the enzyme complexes of the Oxidative Phosphorylation System (OXPHOS), the primary driver of energy availability in the cell (Bar-Yaacov et al. 2012) . Mitonuclear interactions also regulate the expression and assembly of OXPHOS complexes, among other critical cellular processes (Ballard & Pichaud 2014; Bar-Yaacov et al. 2012; Gershoni et al. 2009; Horan et al. 2013) . While the mitochondrial genome (mitogenome) is a common target for natural selection with strong influence on organismal fitness, this effect is often expressed through interactions with N-mt genes, so fixation of adaptive or slightly deleterious mutations in the mitogenome requires compensatory changes in Nmt genes (Ballard & Pichaud 2014; Dobler et al. 2014; Dowling et al. 2008; Havird & Sloan 2016; Horan et al. 2013; James et al. 2016; Osada & Akashi 2012; Wolff et al. 2014) . Accordingly, mitonuclear co-evolution should be enforced by strong natural selection, even though the two genomes have different modes of inheritance and recombination and mutation rates (Dowling et al. 2008; Wolff et al. 2014) .
Recent multidisciplinary studies provide insights into fitness consequences of mitonuclear interactions and mechanisms by which natural selection can maintain integrity of these interactions during population divergence (Burton et al. 2013; Hill 2015; Lane 2011) . Experiments with cell lines and model organisms demonstrate that hybrids with disrupted mitonuclear interactions can show defects in key metabolic processes (e.g. low OXPHOS efficiency) and negative impacts on life-history traits (e.g. low viability and fertility; reviewed in Burton et al. 2013; Levin et al. 2014) . Moreover, strong feedbacks between mitochondrial metabolism and environmental conditions, such as temperature, diet and aridity, can drive mitonuclear co-adaptation (Burton et al. 2013; Hill 2015; Lane 2011; Tieleman et al. 2009 ). Of particular importance is the coupling efficiency of the OXPHOS pathway, which regulates the balance between energy and heat production.
For example, less-coupled systems can facilitate heat production in colder environments, and morecoupled systems can optimize energy production with less heat generation under warmer conditions and/or caloric restriction (Das 2006; Wallace 2005) .
Thus, mitonuclear match needs to regulate energy coupling trade-offs under local environmental conditions, while avoiding negative effects for the cell, such as oxidative stress, reduced metabolism and apoptosis (Finkel 2003; Stier et al. 2014 ).
Divergence of mitochondrial and N-mt genes between populations that are not fully reproductively isolated represent an important challenge for organisms to maintain optimal metabolic functioning. Gene flow between differently adapted individuals can promote the assembly of defective mitonuclear combinations (Burton et al. 2013; Gershoni et al. 2009 ). To avoid low fitness from mitochondrial and N-mt mismatch (mitonuclear incompatibilities), selection should favour coadapted mitonuclear interactions that provide optimal metabolic functioning in local environments (Burton et al. 2013; Lindtke & Buerkle 2015) . Two main processes could promote optimal mitonuclear combinations. First, natural selection should disfavour globally inefficient combinations, while divergent selection should increase the frequencies of locally efficient combinations (Burton & Barreto 2012; Burton et al. 2013; Hill 2015 (Morales et al. 2016) . We propose that mitonuclear interactions were established during co-introgression of interacting mitochondrial and N-mt genes. Resulting inland-coastal population divergence at co-evolved mitochondrial and N-mt genes was maintained by selection for optimal mitonuclear interactions under local environmental conditions and against mitonuclear incompatibilities, despite ongoing nuclear gene flow (Fig. S1 ).
Here we examine genomic evidence of mitonuclear co-evolution in EYR along two independent geographic transects intersecting the inland-coastal mitochondrial divergence in northern and southern nuclear backgrounds (Fig. 1A ). First, we tested the level and pattern of nuclear genomic differentiation and introgression between inland and coastal populations. For this we employed different methods to detect highly differentiated (outlier) loci.
We mapped the results to a reference genome and investigated if outlier loci are arranged into genomic islands of divergence. Then, we evaluated if genomic islands of divergence are enriched with genes with known mitonuclear functions (N-mt genes) and characterized by low genetic diversity and high linkage disequilibrium, as would be expected from selective sweeps paralleling those previously observed in the mitogenome. Lastly, we investigated the potential functional differences in regulation of energy coupling between alternative alleles of N-mt genes, using newly-available 3-dimensional protein structure models and applying principles of protein biochemistry.
RESULTS

Mitolineages meet in a narrow contact zone of sharp environmental transition
A total of 418 EYR individuals sampled across the species' range were categorized for mitochondrial lineage membership (two mitolineages: inland mito-A = 270 and coastal mito-B = 148; red and blue on 
2B-C).
Repeated evolution of high genetic differentiation due to mitonuclear co-introgression
We obtained 60,444 SNPs by performing complexity-reducing representative sequencing of the genome (DArTseq; Kilian et al. 2012) . We obtained genotypes for 164 individuals of known mitolineage (mito-A = 100, mito-B = 64) with most of the samples located along the two transects (north = 52 and south = 101). A PCA analysis using all non-outlier loci (59,638 SNPs; see below) and all 164 samples showed that genome-wide variation is structured along two geographic axes: north-south (4.7%) and inland-coastal (3.4%; Fig. 1B ). As we aimed to understand the inland-coastal divergence, all the following analyses were performed only using samples within the two transects, grouped Figure 1 Geographic distribution of mitochondrial and nuclear genetic variation across the Eastern Yellow Robin (EYR) range. (A) Geographic distribution of two ~6.8% divergent mitolineages, inland mito-A (red) and coastal mito-B (blue), in different nuclear backgrounds, north (squares) and south (circles), mapped over maximum temperature of warmest month (variable BIOCLIM 5; shades of grey). The two mitolineages meet in a narrow contact zone over 1,500 km where they undergo nuclear gene flow. Sampling here was focused along two transects (black dashed rectangles), one in each nuclear background. (B) Principle component analysis (PCA) of genome-wide nuclear variation (all markers minus outliers = 59,638 SNPs): the first principle component (PC1) explains 4.7% of variance that is due to historical north-south divergence (shapes), the second principle component (PC2) explains 3.4% of variance that is due to inlandcoastal divergence correlated to mitolineage divergence (colours). (C) PCA of outlier loci (total across methods = 439 SNPs): the great majority of the genetic variation is structured in an inland-coastal direction (PC1 = 45.2%; colours) and other PCA axes do not have geographically meaningful structure. Table 1 ).
Genetic differentiation for outlier loci was more than 12 times greater than the average genome-wide differentiation (north mean outlier F ST = 0.44 and south F ST = 0.56). However, despite evidence for strong differentiation, no completely fixed alleles were observed between mitogroups.
We compared the genetic structure depicted with the genome-wide PCA (Fig. 1B) with a PCA using only outlier loci (again using all 164 individuals, to make a direct comparison). In striking contrast to the genome-wide variation, majority of the genetic variation in outlier loci was structured in the inland-coastal direction (PC1 45.2%) and the north-south differentiation was completely absent (Fig. 1C) . This result suggests that many of the nuclear outlier loci co-introgressed with mtDNA (Beck et al. 2015; Boratyński et al. 2016) . We north vs. south = 0.78; P < 0.001; Fig. S3 ). This indicates that allele frequencies of outlier loci have a greater tendency than non-outlier loci to segregate in the same inland or coastal direction in both nuclear backgrounds, indicating mitonuclear co-introgression (Fig. S1 ). (Warren et al. 2010) . We confidently mapped 35,030 of our SNPs (unique high-quality hits, see Methods) to the zebra finch genome. This revealed that genetic differentiation between mitogroups is highly heterogeneous in genomic positioning in both transects ( Fig. 3 ; Fig. S4-S6 ).
While outlier loci were present on most chromosomes, they were disproportionately located 2,000,000 -2,750,000). (coordinates: 2,000,000 -2,750,000).
Restricted genetic introgression at mtDNA-linked islands of divergence
We investigated On the other hand, the majority of nuclear cline widths were considerably wider (i.e. flatter slopes with broad confidence intervals) than the mitochondrial clines, indicating that the majority, but not all, of the nuclear clinal loci experience some level of genetic introgression between mitogroups (Fig. 4) . The greatest overlap in both cline centre Relative position in the zebra finch genome is shown on the x-axis. The position of the mtDNA-linked islands of divergence on chromosome Z and chromosome 1A are indicated by the thin black lines at the bottom of each plot; these can be seen to harbour the majority of nuclear clinal loci that overlap the mitochondrial clines. More loci are shown in the south because this transect had a higher number of significant clinal loci (see Results). Table 2 Nuclear-encoded genes targeted to the mitochondria (N-mt genes) found in the mtDNA-linked island of divergence in chromosome 1A. Genes with well-established evidence of cellular respiration or gene regulation (i.e. transcription, translation and replication) mitochondrial activity. For details on other N-mt genes found in this genomic region see Table S1 .
Gene Category Function Reference NDUFA12 Respiration OXPHOS complex I supernumerary subunit, highly conserved subunit that stabilises interface between core hydrophobic and hydrophilic subunits Ostergaard et al., 2011; Yip et al., 2011; Fiedorczuk et al., 2016; Zhu et al., 2016 NDUFA6 Respiration OXPHOS complex I supernumerary subunit, implicated in stabilisation and regulation of complex, LYR motif protein that binds ACP subunit and phosphopantetheine Angerer et al., 2014; Fiedorczuk et al., 2016; Zhu et al., We mapped the complex I OXPHOS gene products identified within the islands of divergence in chromosome 1A to the recently-published cryo-EM structure of bovine complex I (Zhu et al. 2016) (Fig.   S8 ). This allowed us to hypothesize potential structural and mechanistic effects of complex I polymorphisms, as well as their potential links with previously identified amino acid replacements fixed by positive selection in the mitogenome (Morales et al. 2015) . The three complex I OXPHOS subunits encoded within the chromosome 1A island (Table 2) bind at regions critical for energy transduction (Fiedorczuk et al. 2016; Zhu et al. 2016) . NDUFA6
has ancient role in stabilising the main interface between the hydrophobic and hydrophilic regions in complex I (Fiedorczuk et al. 2016; Ostergaard et al. 2011; Yip et al. 2011) , whereas NDUFB2 directly interacts with the mitochondrion-encoded ion pump ND5 (Fiedorczuk et al. 2016) . NDUFA12 binds a phosphopantetheine-containing ACP subunit (SDAP-α), suggesting it has a role in regulating OXPHOS activity in response to carbon metabolism, in addition to a potential role in stabilising the enzyme (Angerer et al. 2014; Fiedorczuk et al. 2016; Zhu et al. 2016) . Table 2 ).
Next, we wanted to better understand the pattern of LD levels across chromosome 1A. As a proxy for this, we calculated an index of LD (r 2 ) between nuclear and mitochondrial alleles (Sloan et al. 2015) . This is because two neighbouring nuclear between inland and coastal mitolineages (Fig. 1A) .
Moreover, we showed that mitochondrial and N-mt 
Candidates for mitonuclear interactions include OXPHOS (complex I) and mitochondrial regulatory genes
We propose that N-mt genes within the EYR chromosome 1A island of divergence have functional roles in climate adaptation. Three EYR mitonuclear candidates (Table  3 ) encode supernumerary subunits of complex I, the primary input into the mitochondrial respiratory chain (Nicholls & Ferguson 2013) . This builds on previous inferences of positive selection on three mitochondrially-encoded amino acids in genes ND4
and ND4L (Morales et al. 2015) , which form two of the four proton channels in the complex. The five nuclear candidates identified here and mitochondrial ones in Morales et al. (2015) occur in functionally related regions in complex I structures, with nuclear NDUFA6, NDUFA12, and mitochondrial mt-ND4L contributing to the main coupling interface, and NDUFB2 and mt-ND4 occurring in the distal proton channels (Fig. S8 ).
Thus, structural or mechanistic complementarity between these substitutions may have driven coevolution of mitochondrial and N-mt genes. The efficiency of mitochondrial energy-coupling is determined by how effectively complex I propagates conformational changes from the hydrophilic domain to the proton channels (Fiedorczuk et al. 2016; Zhu et al. 2016) . Hence, it is reasonable to speculate that compatibility between the complex I variants will affect the volume of ATP synthesized and amount of heat generated by EYR mitochondria, thereby influencing environmental fitness and climate adaptation of the organism. Recombination reduction is an efficient mechanism to promote genomic architecture that protects the integrity of locally adapted suites of alleles (Kirkpatrick & Barton 2006; Ortiz-Barrientos et al. 2016; Yeaman & Whitlock 2011) . The inferred location of the mtDNA-linked island of divergence on chromosome 1A overlaps the position of the chromosome's centromere in zebra finch (Warren et al. 2010) . Centromeres can undergo reduced recombination and disproportionately contribute to genetic divergence (Butlin 2005; Kawakami et al. 2014) ; thus, given that the recombination landscape in birds is highly conserved (Singhal et al. 2015) it is likely that suppressed recombination within EYR's chromosome 1A plays an important role in the species' observed mitonuclear divergence.
Based on the arguments above and the present data, we propose that the joint action of recombination reduction and strong ecological selection likely maintain functional interactions between tightly linked co-adapted N-mt genes.
Specifically, we contend that EYR's chromosome 1A island of divergence behaves as a 'mitonuclear supergene' (Schwander et al. 2014; Thompson & Jiggins 2014) . Given that in this study we rely on the inferred genomic location of EYR markers 
Sex-chromosome evolution and male-mediated gene flow
The Z sex chromosome was also highly divergent between mitogroups in both transects, and presented a significant genomic island of divergence in the south, with an apparently similar but less statistically supported island in the north (Fig. 3) . Sex chromosomes are hotspots of genetic incompatibilities and often play a major role in speciation (Charlesworth et al. 1987; Coyne & Orr 2004; Qvarnström & Bailey 2009 ).
Given its lower recombination rates and smaller effective population sizes compared to autosomes, the Z chromosome experiences faster evolutionary rates and disproportionate fitness effects in hybrids, even in the absence of selection (Mank et al. 2010 (Harrisson et al. 2012; Pavlova et al. 2013 ). Future field measurements should confirm whether female hybrids have lower fitness than hybrid males (Beekman et al. 2014) .
Given the evolutionary properties of sex chromosomes, it has been proposed that genes 
METHODS
Samples and mitolineage identification
We determined the EYR mitolineage for 418 individuals (N mito-A = 270; N mito-B = 148; red and blue, respectively, on Fig. 1A ) using ND2 sequences (including 100 from Genbank: accession numbers KC466740 -KC466839; Table S3 ). DNeasy Blood and Tissue Kit (Qiagen, Germany) was used to extract DNA. PCRs were performed following Pavlova et al. (2013) and sequenced commercially (Macrogen, Korea).
Climatic variables
Two BIOCLIM (Hijmans et al. 2005) variables were best at predicting EYR species distribution and explaining mitolineage divergence of EYR (Morales et al. 2015; Pavlova et al. 2013) : maximum temperature of the warmest month (BIOCLIM 5) and minimum precipitation of the driest month (BIOCLIM 14). We used these variables to estimate the magnitude and significance of the correlation between distribution of mitolineages and climatic variation using a Pearson's r test in R (R Development Core Team 2014). We used the package raster to manipulate BIOCLIM layers (Hijmans 2014) .
Sequencing, genotyping and mapping
We genotyped samples using the reduced representation . Thus, our assumption for this test is that at short distances the confounding effect of genetic drift will be reduced, and differentiation is more likely to reflect real divergence between mitogroups (true positives). We estimated Weir and Cockerham's F ST with the diffCalc function of the R package DiveRsity (Keenan et al. 2013; Weir & Cockerham 1984) . The upper 1% quantile of F ST values were considered outlier loci.
2) Correlations between nuclear loci and mitochondrial membership with BayScEnv:
We used BayeScEnv to detect loci that depart from neutral expectations (outliers) based on their F ST values and associations of allele frequencies with environmental variables, while correcting for the confounding effects of population history. SNPs are assigned either to a neutral model or one of two non-neutral models: the environmental correlation model and the locus-specific model (Villemereuil & Gaggiotti 2015) . We used the mitolineage membership of each location-based "population" as a binomial environmental variable (Coop et al. 2010) , i.e. 1 for mito-A and -1 for mito-B (north:
mito-A = 25 and mito-B = 27; south mito-A = 71 and mito-B = 32). Samples were grouped into populations according to their geographic location (Fig. S12) . Twenty pilot runs of 4000 iterations were used, with a burn-in of 80,000 iterations and samples taken every 10 steps.
Convergence of every run was confirmed using the R package coda (Plummer et al. 2006) . Outlier loci were defined after correcting for multiple testing with a False Discovery Rate (FDR) significance threshold of 5%. We assigned equal prior probability to both non-neutral models, but only the environmental correlation model produced outliers (correlation with mitolineage membership).
3) Principal component analysis:
We estimated genetic differentiation across each transect without assuming any kind of prior grouping using PCAdapt. PCAdapt uses a hierarchical Bayesian model to determine population structure with latent factors (K, analogue to PCA axis) and identify outlier loci that disproportionately contribute to explain each of the K factors (Duforet-Frebourg et al. 2016; Luu et al. 2016) .
Among the important differences from other methods are that PCAdapt does not rely on F ST estimates, does not require classifying individuals into populations, performs well across a range of demographic models and it is agnostic to environmental information (or mitolineage membership in our case). An initial inspection of 76 K factors revealed that while the first seven K explain most of the genetic variation, only K=1 differentiated well between mitogroups in both transects (Fig. S13) .
Accordingly, we decided to perform the analysis with K=2
and extracted only those outliers that loaded more strongly in the direction of K=1, i.e. those related to the differentiation between mitogroups.
Identification of mtDNA-linked islands of divergence
Hidden Markov Models (HMM) are useful to identify genomic regions that contain contiguous loci of high differentiation without having to rely on methods that require defining arbitrary sliding windows sizes (Hofer et al. 2012 
Allelic frequency correlations
To test whether alleles from outlier loci were segregating in the same direction in both divergent nuclear genomic backgrounds we performed a correlation analysis of allelic frequencies between mitogroups in north and south transects. For this, the frequency of a given allele 
Geographic cline analysis
We examined how allelic frequencies change as a function of geographic distance across each transect.
We used the R package hzar (Derryberry et al. 2014) , which implements a MCMC approach to fit allelic frequency data to cline models (Barton & Gale 1993) . We For each island of divergence we computed the probability that the observed count was significantly higher than the random distribution with the t.test function in R.
The products of the OXPHOS genes identified within the chromosome 1A mtDNA-linked island of divergence (see results) were mapped to the 4.2 Å resolution cryo-EM structure of bovine mitochondrial complex I (Zhu et al. 2016) and visualized using the molecular graphics program UCSF Chimera (Pettersen et al. 2004) . We also mapped fixed amino acid replacements between mitolineages found to be under positive selection by Morales et al. (2015) following the same method.
Genetic diversity and Linkage Disequilibrium (LD)
We calculated observed heterozygosity as a proxy for per-locus genetic diversity using basicStats function of the R package DiveRsity (Keenan et al. 2013 (Purcell et al. 2007) . We then calculated the overall decay of LD against distance using the formula introduced by Hilland Weir (1988) :
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where C is the population recombination parameter (4N e r) and n the sample size. We approximated C by fitting a nonlinear regression as implemented in Marroni et al. (2011) . .
We estimated mitochondrial-nuclear LD following Sloan et al. (2015) with a custom perl script (electronic supplementary material, file S1 from Sloan et al. 2015 Fig. 2A of main text). The processes described by the last two panels can occur simultaneously. Mitonuclear interaction are formed by mitochondrial-encoded genes (mtDNA) and nuclearencoded genes with mitochondrial function (N-mt). The underlying structure represents the complete structure of the bovine mitochondrial complex I (Zhu et al. 2016) . The modules responsible for NADH oxidation (E module), ubiquinone reduction (Q module), and proton pumping (ND1, ND2, ND4, and ND5 modules) have differentially shaded backgrounds.
Mitonuclear interactions maintain divergence-with-gene-flow
Arrows show the routes of electron transfer (thin, dotted, maroon), proton translocation (medium, dashed, navy), and the conformational changes that couple them (thick, solid, grey). EYR N-mt genes in the genomic island of divergence of chromosome 1A (NDUFA6, NDUFA12, NDUFB2; see Fig. 3 of main text) are mapped onto the protein structure (highlighted in yellow). EYR mitochondrially-encoded core subunits that show evidence of positive selection between the mito-A and mito-B are highlighted in purple. 
